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BIOSENSOR 



[0001] The present invention relates to sensors, in particular sensors for 



detemriining the presence of anaiytes in a test sample. The s invention also 



5 relates to nanoparticulate membranes. The invention further relates to water- 
soluble redox polymers and processes for preparing the polymers. 



Chemistry and Physics Vol.43, Issue 3, 1996, 199]. Conducting polymers In 
particular have found increasing use in the field of biosensing, where 
conducting polymers provide a unique function as an interfeice between smart 
15 sensors and intelligent molecular receptors. Of all the known conducting 
polymers, such as lonically conducting polymers, charge transfer polymers and 



conjugated conducting polymers, redox polymers are by iai most widely used in 
biosensing applications. 

[0003] Glucose sensing, an area in biosensing which has been 
20 undergoing significant research in recent years, relies on electron mediation of 
enzymatic oxidation of glucose to gluconic acid by glucose oxidase is required. 
3 The electron mediating function of redox polymers has been widely studied and 



25 dinucleotide (FAD) is an electron carrier present in glucose oxidase is reduced 
to FADHz (reduced form of FAD) and oxidized back to FAD by molecular 
oxygen. O2 is then reduced to HaOz This cyclic oxidation and reduction enables 
FAD to act as an electron acceptor. Since neittier glucose nor gluconic acid is 
electro-active w'rthin tiie working potential window from -0.5 to 1 .0 V, eitiier tiie 

30 increase In H2O2 concentration or the decrease in O2 concentration is being 
measured to quantify tiie glucose concentiHtion. 



BACKGROUND OF THE INVENTION 



3 



10 



[0002] In recent years, polymeric materials have gained widespread 
theoretical interest and practical use in many fields [G. Harsanyi. Materials 
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[0005] However, the accuracy of measurements based on the 
measurement of H2O2 and O2 is compromised because firstly, the partial 
pressure of atmospheric O2 affects amperometric response, and secondly, the 
quantitative measurement of O2 at high glucose concentration is difficult 
5 because O2 is used up as the sensing proceeds. The detection of H2O2 by its 
oxidat'on at a platinum electrode requires a worldng potential of 0.5 to 0.6 V (vs. 
Ag/AgCI), and thus is subjected to Interferences of electro-active species in 
blood, such as ascorbic acid and uric acid which are electrochemically active at 
this potential. 

10 [0006] To circumvent the above-mentioned problems associated with 

glucose monitoring involving O2 or H2O2, redox-acdve mediators have been ^ 
proposed as artificial electron acceptors in place of oxygen molecules for 
FADH2. 

[0007] A successful mediator should, in principle, meet three 
15 requirements: (1) test electron-exdiange rate with enzyme and electrode, (2) 
stable attachment to the electrode and (3) processable in aqueous medium. 

[0008] For this reason, two groups of mediators were Pensively 
investigated, namely, transition metal complexes and fen'ocenyl materials. In 
recent years, many groups have focused their attention on the synthesis and 
20 biosensing £4)piications of fen^ocenyi materials, botti monomeric and polymeric. 

* 

For example, polyferrocenyi compounds have been used as redox indicators in 
molecular recognition [J.E. Kinston, et al, J. Chem. Soc, Dalton. Trans (1999) 3 
251.], as mediators in biosensors [S. Koide, et al, J. Electroanal. Chem., 
468(1999) 193.] and as coating to modified electrode surface [S. NIate, et al, 

25 Chem. Conrvnun., (2000) 417.]. However, most of the known fen'ocenyl 
materials are only soluble in non-polar media, only few ferrocenyl and 
polyferrocenyi materials are water-soluble [O. Hatozaid, et al, J. Phys. Chem., 
199 (1996) 8448.]. Water-soluble fen'ocenyl materials are of particular interest 
as redox mediators in biosensing. By co-polymerizing alkene substituted 

30 fen'ocenes, such as vinylferrocene, with an appropriate water-soluble polymer, it 
is possible to prepare ferrocenyl materials tiiat are readily soluble in water. But 
it has been shown that the free radical initiated polymerization of vinylfenocene 
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Is unusual [A.J. Tinker, et al, J. Polym ScL. Polym. Chem. Ed., 13 (1975) 2133; 
MM. George, et al, J. Polym Sol., Polym. Chem. Ed.. 14 (1975) 475.]. Co- 
polymerlzatlon of vinyiferrocene is known to be difficult because the ferrocenium 
is a radical scavenger In the polymerization system, resulting in that the reaction 
does not obey normal radical polymerization kinetics. Temilnation of the 
polymerization reaction occurs by an intramolecular electron transfer from a 
ferrocene nucleus to the growing chain radical. This leads to the deactivation of 
the polymer chain and a polymer which contains a high spin FeOII) species. 

[OOOSJPolyacrylamide has been widely used as support matrix in 
enzyme immobilization and biosensing because of its good chemical and 
mechanical stability and its inertness to microbial degradation p, Wlllner, et al, J. 
Am. Chem. Soc, 112 (1990) 6438.]. However, attempts of coijolymerization of 
vinylfen-ocene and acrylamide and its derivatives were not successful (H. Bu, et 
al. Anal. Chem., 67 (1995) 4071 and references tiierein.]. Instead, to by-pass 
tiie Inefficient co-polymerization of vinylfen-ocene. chemical grafting procedures 
were proposed In preparing femocenyl materials [S. Kbide, et al, J. Electroanal. 
Chem., 468(1999) 193; J. Hodak, et al, Langmuir. 13 (1997) 2708; A. Salmon, 
et al, J. Organomet Chem., 637-639 (2001) 595.]. In two recent reports [N. 
Kuramoto, et al. Polymer 39 (1998) 669; H. Ahmad, et al, Colloids and 
Surfaces. 186 (2001) 221], vinylfen-ocene co-polymers were synthesized, but 
minute loading of ferrocene and lack of cross-linkable groups in ttiese polymers 
restrict tiieir use in biosensors. 

[0010] Commercially available biosensors include tfiose manufactured 
by Therasense Inc. (cf., for example US Patent 6,338,790), Inverness Medical 
Technology (cf., for example US Patent 6,241 ,862) and Matsushita Electric (cf., 
for example, US Patent 6,547,954). 

[0011] Therefore, there remains tiie need for vlnylfent)cene-based 
polymeric mediators having superior peri^ormance characteristics. 
Consequentiy, it is a goal of tiie present Invention to develop new metiiods of 
syntiiesis for new vinyifen-ocene-based polymeric mediators. It Is also a goal of 
tills Invention to provide biosensors w'rth enhanced perfonnance, and which 
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would impose minimal Inconvenience to the end user of the biosensor as much 
as possible. 

[00121 These goals are solved by the various aspects of the present 
Invention, namely the sensors, membranes, polymers, and processes as 
5 defined in the respective independent claims. 

SUMMARY OF THE INVENTION 
[001 3] In one aspect, the invention provides a sensor for detennlning ttie 
presence of an analyte In a test sample, said sensor comprising a 
10 nanopartlculate membrane comprising nanopartlcles of at least one inorganic 
oxide of an element selected from Group lA, IIA, IIIA, IVA, IB, IIB, IIIB, IVAB, 
VB, VIB, VIIB or VIIIB of the Periodic Table, and wherein an oxldoredudase 
enzyme and electrochemical activator are diffuslbly dispersed In said 

nanopartlcuiate membrane. 
15 [0014] In yet another aspect, the invention provides an electrically non- 

conductive, nanopartlculale membrane comprising nanopartlcles of at least one 
Inorganic oxide of an element selected from Group lA, IIA, IIIA, IVA, IB, IIB, IIIB, 
IVAB, VB, VIB, VIIB or VIIIB of the Periodic Table, and wherein an 
oxidoreductase enzyme and electrochemical activator are diffuslbly dispersed In 

2 0 said nanopartlculate membrane. 

[OOlSlIn a further aspect the Invention provides a process for producing 
an electrically non-conductive, nanopartlculate membrane comprising mixing an 
electrochemical redox mediator with an oxidoreductase enzyme and 
nanopartlcles of an oxide of an element selected from Group lA, IIA* IIIA, IVA, 
25 IB, IIB, IIIB, IVAB, VB, VIB, VIIB or VIIIB to form a nanocomposite Ink; and 
applying said nanocomposite Ink onto a substrate. 

[0016] In yet another aspect, the Invention provides a water soluble 

redox polymer comprising: 

a first monomer unit comprising a polymerisable fen-ocene derivative; 

30 and 
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a second monomer unit comprising an acrylic acid derivative having a 
(tenninal) primary acid or base acid or base functional group capable of 
acquiring a net charge. 

[0017] In one embodiment, the acrylic acid derivative in this new water 
soluble redox polymer is represented by the general fomriula (I) 



15 

3 



20 



30 



CHa 



CH 



R 



wherein R is selected from the group consisting of CnHan-NHa, CnHan-COOH, 
NH-CnHan-POsH and NiH-CnH2n -SO3I-I, wherein the alkyi chain can be optionally 
substituted, and wherein n is an integer from 0 to 12. 

[0018] In yet another aspect, the invention provides a process for 
25 preparing a water soluble, redox polymer, said process comprising: 

polymerising a first monomer unit comprising a polymerisabie fen'ocene 
derivative vtrith a second monomer unit comprising an acrylic acid derivative 
having an add or base functional group capable of acquiring a net diarge, 
0 . wherein said polymerization is earned out in an aqueous alcoholic medium. 



BRIEF DESCRIPTION OF THE DRAWINGS 



[0019] The invention will be better understood witii reference to tiie 
35 detailed description when considered in conjunction witii the non-limiting 
examples and tiie drawings, in which: 

[0020]Rgure 1 is an exploded isometric drawing of a biosensor 
according to an embodiment of the invention. 
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[0021] Figure 2A is a drawing sliowing an end view of tlie biosensor In 
Rgure 1 , as seen in tlie direction of an an'ow A in Figure 1 . 

[0022] Figure 2B is a drawing sliowing another end view of the biosensor 
in Rgure 1 , as seen in the direction of an arrow B in Rgure 1 . 
5 [0023] Rgure 3 is an exploded isometric drawing of a biosensor 

according to another embodiment of the invention. 

[0024] Rgure 4 shows a schematic diagram of the coupling redox 
reaction which takes places in a redox polymer mediated biosensor. 

[0025] Rgure 5 illustrates a structure of the basic unit of a water-soluble 
10 and cross-linkable polymer of the present invention. The figure shows a 

repeating unit found in a copolymer of vinylfen^cene and an acrylic add J 
derivative. 

[0026] Rgure 6 depicts the general reaction equation in the co- 
polymerization reaction of vinyl femocene and an acrylic acid derivative. 
1 5 [0027] Rgure 7 shows a Fourier Transfomi Infra Red (FT-IR) spectrum of 

tiie redox polymers PAA-VFc and PAAS-VFc produced according to a process 
of the invention. 

[0028] Rgure 8 shows an Ultia Violet (UV)-visible specb^ of Fc, PAA, 
PAAS and the co-polymers obtained from copolymerization with VFc. 
20 [0029] Rgure 9 shows cyclic voltammograms of redox polymers In 

various systems. Phosphate-buffered saline was used, and the potential scan 
rate applied in obtaining tiie voltammograms was 1 GO mV/s. j 

[0030] Rgure 10 shows anotiier cyclic voltammogram of a redox polymer 
PAA-VFc tinat is cross-linked witti glucose oxidase-bovlne serum albumin (GOx- 
25 BSA) film on gold electrode. Phosphate-buffered saline was used, and the 
potential scan rate applied in obtaining tiie voltammograms was 50 mV/s. 

[0031] Rgure 11 shows an exploded view of a disposable glucose 
biosensor used In tills woric. 

[0032] Rgure 1 2 shows a cyclic voltammograms of tiie nanoparticulate 
30 printing ink (a) without and (b) witii tiie addition of 100 mg/dl glucose. Potential 
scan rate which was applied was 100 mV/s. 
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[0033] Figure 13 shows amperometric responses of the biosensor in PBS 
containing (a) 200 and (b) 0.0 mg/dl glucose. The poised potential applied was 
0.30 V. 

[0034] Figure 14 shows dependence of amperometric peak current of 
300 mg/dl glucose on (a) PVFcAA concentration, (b) GOX concentration, (c) 
poise potential and (d) the nanopartlcuiate membrane thickness. 

[0035] Rgure 1 5 shows amperometric responses of 200 mg/dl glucose 
In PBS in the (a) absence and (b) presence of dissolved oxygen. The poised 
potential applied was 0.30 V. 

[0036] Figure 16 shows (a) amperometric responses to sequential 
Increases of 100 mg/dl glucose in PBS and (b) calibration cun/es at different 
sampling times. The poised potential applied was 0.30 V. 

DETAILED DESCRIPTION 

[0037] In one aspect, the present invention is based on the finding that 
water-soluble and cross-linkable redox polymers can be readily prepared In a 
mbcture of ethanol and water with a persuttete salt as radical initiator. This 
method of preparation allowed problems faced eariier such as the unfavorable 
energetics of copolymerizaUon reactions involving ferrocene molecules to be 
overcome. Tests showed that the molecular weight of vlnylferrocene-co- 
acrylamlde copolymers obtained from this method was In the range of 2000 to 
4000 Daltons. corresponding to about 400 monomeric units with 3-14% 
fenocene loading. Such a level of ferrocene toading was previously achievable 
using free radical polymerization techniques (see for example N. i^ramoto et 
aO. By overcoming this limitation, the present invention has given rise to new 
polymers with useful properties for biosensing applications and other methods 
of electrochemical detection of analytes. 

[0038] The fenocene centers in redox polymers of the invention are able 
to provide localized electroactlvlty and thus the ability to engage in redox 
reactions without bringing about a reorganization of intra molecular bonds In the 
polymer. Furthennora, redox polymers of the invention comprise skle chains 
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With functional groups that facilitate cross-linking with other molecules with 
suitable functional groups. This allows the polymer to be attached to a wide 
variety of molecules as well. Combining these two characteristics, these 
polymers are well adapted for use in applications requiring electron mediation, 
5 such as enzyme electrodes used in biosensors and biofuel cells, as well as 
enzymatic synthesis carried out in electroenzyme reactors. 

[0039] In another aspect, glucose sensors according to the present 
Invention Incorporate sensing elements that are capable of accurately 
measuring the concentration of glucose found in very small quantities of fluid, 
10 so that test samples of less than 1|xU or preferably about 0.2nL to 0.3 \lU is 
needed. Test samples typically include animal biological samples such as 
biological fluids (e.g. blood samples, sweat samples, urine samples); faecal 
samples, and flesh samples containing adipose tissue or subcutaneous fat 
Other samples that can be analysed using the present sensor Include reagents 
15 utilised in scientific experiments, or food with glucose content and fennentatlon 
broths found in the wine or beer production industries. Test samples can also 
Include microbiological culture mediums (e.g. a growth medium for high density 
fennentatlon of E. coll, yeast or other host organisms, typically used for 
recombinant production of polypeptides). 
20 [0040] Due to the small volume of test sample that is required for 

perfonning a diagnostic test, minimal Inconvenience is Imposed on the end 
user. For example, for diabetics tiiat require continuous blood glucose 
assessment, wittidrawal of a blood sample at a sub-microlitre level would 
Impose minimal pain and disturijance to tiie patient. 
25 [0041] In general, a sensor of tiie preserrt invention makes use of an 

nanoparticulate membrane which is described herein in detail. In addition to tiie 
fact tiiat it is suitable for testing of blood sample at a sub-mlcrolitre level, such a 
membrane has tiie advantage tiiat is can be produced at low cost, and is stable 
even under prolonged periods of storage. 
30 [0042] The membrane can incorporate an electrochemical activator and 

a substrate-specific enzyme, botii diffuslbly dispersed in a membrane deposited 
onto an electrode of tiie sensor where glucose Is oxidised. The term 
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"electrochemical activator" as used herein refers to any compound that Is 
capable of activating the enzyme that transfers electrons between glucose and 
the working (detection) electrode of the sensor. The electrochemical activator 
can be a polymeric redox mediator. Altematlvely, monomeric electrochemical 
5 activators can also be used, such as water soluble ferrocene derivatives, 
osmlum-bipyridine complexes, ruthenium coinplexes (e.g. penta-amine pyridine 
ruthenium and Ru(NH3)6^ as well as hexacyanofen-ate and 
hexacyanonjthenate. In some embodiments of the invention, the 
electrochemical activator contains redox-active metal ions. Examples of such 

10 metal tons are silver, gold, copper, nickel, Iron, cobalt, osmium or ruthenium 
_) ions or mixtures thereof. 

[0043] In general, suitable polymeric redox mediators to be incorporated 
into the nanoparticulate membrane of the invention shoukJ have a chemical 
structure which prevents or substantially reduces the diffustonal toss of tiie 

15 redox species during the period of time tiiat the sample is being analyzed. The 
diffusional loss of the redox mediator can be reduce by rendering the 
polymeric redox mediator non-releasable from the wortdng electrode in the 
sensor. This can be achieved by binding or immobilizing tiie redox mediator, for 
example, by covalentiy attaching or biconjugation of the redox mediator to a 

20 polymer on an electrode. Alternatively, the redox mediator can be immobilized 
by providing a binder having countercharge species or species having high 
~\ affinity for the redox mediator. In one embodiment of tiie Invention, one type of 

non-releasable polymeric redox mediator comprises a redox species covalentiy 
attached to a polymeric compound. Such redox polymers typically are transition 

25 metal compounds, wherein a redox-active trsmsition metal-based pendant group 
is covalentiy bound to a suitable polymer backbone, which on Its own may or 
may not be electroactive itself. Examples of this type are poiy(vinyl fenocene) 
and poly(vinyl fen-ocene co-acrylamlde). Alternatively, tiie polymeric redox 
mediator may comprise an ionically-bound redox species. Typically, tiiese 

30 mediators include a charged polymer coupled to an oppositely charged redox 
species. Bsunples of this type include a negatively charged polymer such as 
Nafion® (Dupont) coupled to a positively charged redox species such as an 
osmium or rutiienium polypyridyl cation or vice versa a positively charged 
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polymer such as poly (1 -vinyl Imidazole) coupled to a negatively charged redox 
species such as ferricyanide or ferrocyanide. Furthermore, the redox species 
can also be coordinatively bound to the polymer. For ej^mple, the redox 
mediator may be formed by coordination of an osmium or cobalt 2,2'-bipyridyl 
5 complex to poly (1 -vinyl imidazole) or poly (4-vinyl pyridine). Another example is 
poiy(4-vinyl pyridine co-acrylamide) coordinated with an osmium 4, 4'-dimethyl- 
2,2'-bipyridyi complex. Useful redox mediators as well as methods for their 
synthesis are described in U.S. Patent Nos. 5,264,104; 5,356,786; 5,262,035; 

5320,725; 6,336,790; 6,551494; and 6,576,101 . 

10 [0044] In a further embodiment of the invention, the electrochemical 

activator is selected from the novel class of redox polymers that is described in 
detail later herein. Briefly, this novel class of redox polymers comprises 
poly(vinyI ferrocene), poly(vinyl femocene)-co-acrylamide, poly{vinyl ferrocene)- 
co-acrylic acid, and poly(vinyl ferrocene)-co-acrylamido-(CH2)n-sulfonic add, 

15 and poly (vinyl fenrocene)-co-acrylamido-(CH2)n-pbosphonic acid, wherein n is 

an integer from 0 to 12, preferably 0 to 8. 

[0045] The membrane of the invention can also incorporate a redox 

polymer that is cross-linked with a protein such as an enzyme or antigen and 
immobilised on an electrode sur^ce. 
2 0 [0046] One embodiment of the sensor, comprises a chamber for holding 

the test sample, whereby the chamber is bounded at least between a working 
area on a working electrode and a working area, on a reference electrode. Also 
in tills embodiment, tiie oxidoreductase enzyme and water soluble redox 
polymer is coated on the working area of the working electrode. 

2 5 [0047] Referring to tiie figures, a sensor of tiie invention is described as 

follows. Figure 1 shows an exploded isometric view of a tip-filling biosensor 2 
according to an embodiment of tiie present Invention. The biosensor 2 includes 
a stack made up of several layers. The stack indudes, from bottom to top 
accoixling to Figures 1 and 2, a substrate layer 4, a working electrode 6, a 

3 0 spacer 8, a counter electrode 1 0, and a top layer 12. The spacer 8 spaces apart 

tiie worthing electrode 6 and counter electrode 10 to ttiereby electrically insulate 
tiiem. A recess 14, tornied between two legs of a bl-furcated end of tiie spacer 
8, defines a sample chamber 14 (see Rgure 2A) between tiie woridng electrode 
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6 and the counter electrode 10. In this manner, the sample chamber 14 Is 
bounded or defined on the top and bottom by opposite facing surfaces of the 
counter electrode 10 and the working electrode 6 respectively; and on the sides 
by sidewalls the spacer 8. One side of the sample chamber 14 Is exposed as 
shown in Rgure 2. This surface of the working electrode 6 Is refen-ed to as a 
working surface. A sensing chemistry materials canier, such as a 
nanocomposite membrane 18, is disposed in the sample chamber 14. This 
membrane 18 Is In physical contact with the working electrode 6. The sensing 
chemistry materials preferably include an electron transfer agent, such as a 
diffusible redox mediator (cannot be shown). The redox mediator and other 
sensing chemistry materials will be described in detail later. A vent hole 16 is 
formed in the top layer 12 and the counter electrode 10 through to the sample 
chamber 14. The substrate 4 and the top layer 12 are recessed such that 
portions 20, 22 (Rgure 2B) of the woridng electrode 6 and the counter electrxxie 
10 are left exposed so that they are oonnectable to an electronic drcuit 

[0048] The sample chamber 14 is configured or shaped so that when a 
sample or anaiyte Is provided in the chamber 14, the anafyte Is In electrolytic 
contact with both the woridng electrode 6 and the counter electrode 10. This 
electrolytic contact allows an electrical current, mediated by tiie redox mediator, 
to ftow between the electrodes 6, 10 to effect electrolysis (electrooxidation or 
electroreduction) of the anaiyte. The redox mediator enables electrochemical 
analysis of molecules of the anaiyte which may not be suited for direct 
electrochemical reactton on the woridng electrode 6. The volume of the sample 
chamber 14 can be between 0.1-1 although other volumes are also possible. 
A region of the sample chamber 14, referred to as a measurement zone, 
contains only the portion of the anaiyte that Is inten'ogated during the anaiyte 
assay. In the biosensor 2 in Rgure 1 , the measurement zone has a volume that 
is approximately equal to the volume of the sample chamber 14. 14bwever, it 
should be noted that a smaller measurement zone, such as 80% or 90% of the 
size of the sample chamber 14 is also possible. 

[0049] The height of the sample chamber 14, as defined by the 
thickness of spacer 8 is preferably small to promote rapid electrolysis of the 
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analyte, as more of the analyte will be in contact with surfeces of the electrodes 
6, 10 for a given anaiyte volume. In addition, a sample chamber 14 of a small 
height helps to reduce e^ors from diffusion of analyte into a smaller-sized 
measurement zone from other portions of the sample chamber 14 during the 
5 analyte assay, because diffusion time is long relative to the measurement time. 
Typically, the thickness of the sample chamber Is no more than about 02 mm. 
Preferably, the thickness of the sample chamber is no more than about 0.1 mm 
and, more preferably, the thickness of the sample chamber is about 0.05 mm or 
less. 

■ 

1 0 [0050] The substrate 4 and the top layer 12 may be formed from an inert 

non-conducting material, such as polyester. Alternatively, the substrate 4 and J 
the top layer 12 may be fomried from a molded carix)n fiber composite. The 
working electrode 6 preferable has a relatively tow electrical resistance and is 
typically eleclrochemically Inert over the potential range of the btosensor during 

15 operation. Suitable materials for fomiing tiie woridng electrode 6 include gold, 
cartx>n, platinum, ruthenium dioxide, palladium, and conductive epoxies, such 
as, for example, ECCXDCOAT CT5079-3 Carbon-Riled Conductive Epoxy 
Coating (available from W.R. Grace Company, Wobum, iy4ass.), as well as 
other non-con-oding materials known to tiiose skilled in the art. The counter 

20 electrode 10 may also be fomned using any of tiiese materials suitable for 
fomfiing the woridng electrode 6. The woridng electrode 6 and the counter 
electrode 10 may be deposited on tiie surfiaces of the substrate 4 and the top J 
layer 12 by any suitable metiiods, for example by vapor deposition or printing. 
[0051] The spacer 8 is typically constructed from an Inert non-conducting 

25 material such as pressure-sensitive adhesive, polyester, Mylar®, Kevlai®, or 
any oUier strong, tiiln polymer film, or, alternatively, a tiiln polymer film such as 
a Teflon® film, chosen for Its chemical Inertness. Other spacers include layers 
of adhesive and double-sided adhesive tape (e.g., a carrier film with adhesive 

on opposing sides of tiie film). 
30 [0052] In one specific embodiment, the substrate 4 and tiie top layer 12 

are polyester films, tiie working electrode 6 Is a screen-printed carbon layer, tiie 
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counter electrode 10 is a screen-printed Ag/AgCI layer and the spacer 8 is a 
double-sided adiiesive tape. 

[0053] During use of the biosensor 2, the exposed side of the sample 
chamber 14 is used to contad an analyte, such as blood or a serum. The 
5 sample chamber 14, with the nanocomposite membrane 18 therein, receives 
the anaiyte for analysis thereof by wicking or capillary action. Depending on the 
type of redox mediator, the diffusible redox mediator may diffuse rapidly into the 
anaiyte or diffusion may occur over a period of time. Similariy, the diffusible 

* 

redox mediator In the membrane 18 may first dissolve and then diffuse into the 
1 0 anaiyte, either rapidly or over a period of time. If the redox mediator diffuse over 
a period of time, a user may be instnicted to wait a period of time b&fore 
measuring the anaiyte concentration to allow for diffusion of the redox mediator. 

[0054] It should not to be construed that the structure and constmction of 
a biosensor is limited to that described above; biosensors having other 
15 structures and constructed using other processes are also possible. Rgure 2 
shows one such biosensor 24 according to another embodiment of the 
invention. This biosensor 24, which is a variant of the biosensor 2 in Rgure 1 , 
includes the layers 4, 6, 10, 12 and the membrane 18 of the biosensor 2. 
l-iowever, the spacer 8 in this embodiment includes a first spacer portion 8A 
20 and a second spacer portion 8B separated by a gap 26 therebetween. This gap 
26 defines a sample chamber 14 when the spacer 8 is sandwiched between the 
working electrode 6 and the counter electrode 10. Two opposing skies of the 
sample chamber 14 are exposed. Therefore, no vent hole is necessary In the 
biosensor 20. 

25 [0055] Some other biosensors are disclosed In U.S. patent 6,338,790, 

Feldman et al., entitled "Small Volume in vitro anaiyte sensor with diffusible or 
non-leachabie redox mediator." Some of these biosensors include more than 
one counter electrode 6. 

[0056] A large variety of oxidoreductases can be employed in a sensor 

30 of the present invention. One function of the enzymes In a sensor is to catalyse 
the oxidation or reduction of the enzyme substrate by the removal or addition of 
electrons. For example, where the substrate or anaiyte to be detected Is 
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glucose, glucose oxidase may be used to oxidize glucose into gluconic acid. 
Although it may be themiodynamically feasible for the oxidation of glucose to 
proceed in the absence of an enzyme, the presence of a suitable 
oxidoreductase helps to accelerate the oxidation reaction, thereby allowing 
5 enzyme activity and substrate analysis to be easily studied. Besides, such 
enzymes can be obtained cheaply and readily. 

[0057] In some embodimerrts of the invention, the oxidoreductase is 
selected from the group consisting of glucose oxidase, hydrogen peroxidase, 
horseradish peroxidase, xanthine oxidase, cholesterol oxidase, hydrogen 

10 hydrogenase, lactate dehydrogenase, glucose dehydrogenase and IslADH 
dehydrogenase, sarcosine oxidase, lactate oxidase, alcohol dehydrogenase, 
hydroxybutyrate dehydrogenase, glycerol dehydrogenase, sorbitol 
dehydrogenase, malate dehydrogenase, galactose dehydrogenase, mala£e 
oxidase, galactose oxidase, xanthine dehydrogenase, alcohol oxidase, choline 

15 oxidase, xanthine oxidase, choline dehydrohenase, pyruvate dehydrogenase, 
pyruvate oxidase, oxalate oxidase, bilimbin oxidase, giutamate dehydrogenase, 
glutamate oxidase, amine oxidase, NADPH o)ddase, urate oxidase, cytochrome 
C oxidase, actechol oxidase and mixtures thereof. 

[0058]Three commonly used conventions for the labeling of groups in 

20 the Periodic Table are, namely, the new lUPAC convention, the old lUPAC 
convention, (also known as the European convention), as well as the CAS 
group labeling convention (also known as the American convention). The CAS 
convention is used in tiie present application. In tiie CAS convention. Groups 
lA, IIA, IIIA and IVA refer to ttie main group elemente of Group 1 (Li, Na, K, 

25 etc.), 2 (Be, Mg, Ca, etc.), 3 (B, Al, Ga, etc.) and 4 (C, SI, Ge, eto.), 
respectively, while Groups IB, IIB. IIIB, IVAB, VB, VIB, VIIB and VIIIB refer to 
tiie transition elements. Groups lA, IIA. IIIA and IVA under tiie CAS convention 
are equivalent to Groups lA, IIA, IIIB. and IVB, respectively, under tiie old 
lUPAC convention, and equivalent to Groups 1, 2, 13, and 14, respectively, 

30 under ttie new lUPAC convention. Groups IB, IIB, IIIB, IVAB, VB, VIB, VIIB and 
VIIIB under tiie CAS convention are equivalent to Groups lA. IIA. IIIA, IVA, VA, 
VIA, VIIA and VIIIA, respectively, under tiie old lUPAC convention, and 
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equivalent to Groups 3, 4, 5, 6, 7, 8-10, 11, and 12, respectively, under the new 
lUPAC convention. 

[0059] Nanopartlcles that can be used can be any inorganic oxide of an 
element selected from Group lA, IIA, IIIA, IVA, IB, IIB, IIIB, IVAB, VB, VIB, VIIB 
5 or VIIIB of the Periodic Table. The nanoparticle may have any suitable 
dimension and shape, as long as they are able to provide an efficient diffusional 
pathway for the glucose molecules to be transported into the membrane to a 
location near to the surges of the oxidizing electrode. Furthemnore, 
nanoparticles used In the invention can be porous or non-porous. The average 

10 size of the inorganic nanoparticles used in the membrane of the invention 
typically ranges fiom about 5 nm to about 1 pm, or from about 100 to aix>ut 
1000 nm, including from about 100 to about 500 nanometers, or about 200 to 
about 300 nanometers. The size of nanoparticles can be selected according to 
the intended application (for example, to influence the length of the diffusionai 

15 pathway as mentioned above), or also to alter the viscosity or density of the 
sluny ink that is used for the preparation of the membrane of the Invention. 

[0060] Examples of oxides that are suitable for use in the membrane of 
the Invention include, but are not limited to, lithium manganese oxide, 
magnesium oxide, zinc oxide, cobalt oxide, yttrium oxide, niobium oxide, 

20 calcium oxide, lanthanum oxide, cerium oxide, aluminium oxide, silicon dioxide 
and mixtures thereof. 

[0061] In some embodiments, the membrane incorporates nanoparticles 
of aluminium, silicon, magnesium or zinc Qxide(s). The present inventors found 
that incorporation of such oxides e.g. alumina or silica into the membrane 

25 focilltates the preparation of membranes as well as impart good medianical 
strength to the membrane, such that it does not crack, even after long periods 
of use. 

[00^] V\rith respect to silica particles, any suitable kind of silica particles 
(for example, fumed silica or colloidal silica) can be used in the invention. Silica 
30 particles as every other particles of an inorganic oxide as defined herein can be 
selected based on a variety of factors, such as its diameter, aspect ratio, 
average pore size, or shape. These parameters can be chosen for achieving a 
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desired transport characteristic in the nanoparticulate membrane. The choice of 
suitable particles can also be dependent on the choice of deposition technique. 
The silica particles may have a size from 5 to about 000 nanometers (nm), or 
from about 100 to about 1000 nm, including from about 100 to about 500 
5 nanometers, or about 200 to about 300 nanometers. Silica particles can be 
synthesized in the laboratory or obtained from commercial suppliers. Colloidal 
silica for example (Chemical Abstracts Number 7631-86-9) is commercially 
available from many suppliers. For example, it is sold under the trade name 
Snowtex® from Nissan Chemicals or under the trade name NYACOL® from 

10 Nyacol Nanotechnologies, inc. 

[0063] The thickness of the nanoparticulate membrane of the invention 
ranges from 50 to 1000 micrometers (|jm ). or from 100 to 700 ym, or preferably 
Irom 250 to 500 Mm. The thickness of the membrane may depend on several 
factors such as desired electrode size, or the constituents of the membrane, for 

15 example. It may be controlled by the choice of the deposition technique (screen 
printing, dip coating or spin coating to name a few), tiie content of tiie 
nanoparticulate material or tiie concentration of tiie ink sluny. In case screen 
printing is used for deposition of tiie ink sluny from which tiie membrane Is 
made, the tiiickness of tfie membrane can be controlled inter alia via tiie mesh 

2 0 size of the screen. 

[0064] In yet anotiier embodiment of tiie sensor, tfie nanoparticulate 
membrane of tiie invention can further comprise a polymeric binder. Any 
suitable polymeric binder can be used in tiie membrane. Including 
electrostatically inert polymers, Ionic polymers, polymers capable of acquiring a 

25 net charge, polymers capable of providing biconjugation, and proteins. 
Polyuretiiane, cellulose or elastomeric polymers are examples of polymers 
which are electrostatically inert. Examples of polymers tiiat are capable of 
acquiring a net charge, tiiereby becoming eittier positively or negatively 
charged, are nitiX)gen-contalning heterocycles such as pyridine or imidazole. 

30 Glycoproteins are a class of proteins useful in tiie present application. Specific 
examples include avidin, biotin and sti-eptavldln, which can conjugate wrth 
electrochemical activators present in ttie membrane to form a suitable polymeric 
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binder for use in tlie present invention. Useful binders as well .as methods for 
their synthesis are described in US Patent No. 6,592,746, for example. 

[0065] In one embodiment, the polymeric binder is a polymer or 
copolymer comprising monomer units selected from the group consisting of 
5 vinyl pyridine, vinyl imidazole, acrylamide, acrylonitrile and acrylhydrazide and 
acrylic acid monomer units. A specific example of a polymeric binder having 
monomers selected the group is vinyl pyridine. A binder derived from these 
monomeric units are suited for glucose sensing applications involving blood 
samples for example because of its dual function of binding and analyte 

10 regulating in the membrane. By incorporating a binder such as vinyl-pyridine 
into the membrane, the membrane does not break up on hydration, but swells 
to form a gelled layer holding up the various components of the membrane on 
tiie screen-printed carbon surface. Mediators, enzymes and analytes such as 
glucose can then move freely within this layer, whereas interfering species, 

15 such as red blood cells contoining oxygenated hemoglobin are excluded from 
entering ttie membrane due to electro stetic repulsion. Anionic ascorbic acid 
and uric acid are e)q>elled by the anionic binder, and the partition of dissolved 
oxygen into the nanoparticulate membrane is largely minimized owing to the 
highly hydrophilic nature of this layer. 

20 [0066] The invention is also directed to a process for producing a non- 

conductive, nanoparticulate membrane. The preparation of a nanocomposlte, 
sluny ink comprising an electrochemical activitator such as a redox polymer, an 
enzyme and nanoparticles can be earned out In a commercially available mixer, 
blender or stiner, depending on tiie quantity, ^^scosity and homogeneity of the 

25 siuny. The slurry can be prepared in any suitable liquid or dispersion medium, 
tor example, polar solvents, aqueous solutions, PBS buffer, and organic 
compounds or solvente (e.g. alcohoO which can feicilitate tiie processing of the 
nanoparticulate membrane. 

[0067] Suitable proportions of components which are used to fomi tiie 

30 sluny ink vary. For example, tiie composition may be varied according to the 
application, or on tiie enzyme used, or the deposition technique that is employed 
tor depositing tiie sluny ink and tiie amounts used for each component can be 
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determined empirically. For example a suitable composition for a slurry Ink tliat is 
used in ttie manufacture of a membrane of a glurose sensor may comprise the 
components in the follov\nng range - glucose o)ddase: 0.10-1.0 mg/ml; redox 
mediator 5-50 mg/ml; nanoparticles: 10-200 mg/ml; binder 10-300 mg/ml. In this 
5 example, no standing period is required, but the slurry ink can be used 
immediately. However, for other preparation the sluny ink may have to stand for a 
suitekble period of time before being applied onto a suitable substrate. In another 
specific example, the sluny ink may comprise glucose oxidase, poly(yFc-co-AA), 
alumina nanoparticles and PVPAC binder, mixed with a mixing ratio ranging from 

10 1:50:150:200 to 1:40200:300 weight parts. A redox polymer of the invention is 
added to the mixer where it is homogenised with the enzyme, nanoparticles and 
water. Thereafter, tiie homogenized mixture is applied on any suitable substrate. 
A variety of deposition techniques can be employed to deposit the memt)rane 
onto a surfoce, Induding, but not limited to, spraying, painting, dip coaling, spin 

15 coating, inlqet printing and screen printing. 

[0068] As mentioned above^ the concentration of a redox mediator in the 
sluny ink may vary, for example, from 5 to 50 mg/ml. In one example described 
below where a vinylfen'ocene-co-acrylamide redox mediator was employed, 10 
to 20 mg/ml of the mediator was added to the slurry ink. In one embodiment, the 

20 concentration of the redox mediator in the nanocomposite ink is atx)ut 15 
mg/ml. 

[0089] The concentration of enzyme in the sluny ink may also vary. A 
typical range is from 0.1 to 1 mg/ml. In one embodiment, the concentration of 
enzyme in the nanocomposite ink is about 0.2 mg/ml. 

25 [0070]The fonnulation of the nanocomposite ink can be varied as 

follows. Since the catalytic reaction occurs between the mediator and enzyme, 
the concentration of the mediator must be high enough to have a high sensitivity 
and linear relationship between the catalytic oxidation cun-ent and glucose 
concentration. If the amount of mediator is limited, the amperometric response 

30 of the sensor will plateau off even with increasing glucose concentrations in the 
sample. When this happens, the amount of mediator becomes a bottieneck, and 
the sensor reading becomes instead dependent on the amount of mediator in 
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the membrane, rather than glucose concentration In the sample. For the specific 
examples described later, It was found that the optimized mediator 
concentration was about 15 mg/mi and the optimal concentration of GOX was 
about 0.20 mg/ml. 

5 [0071] The Invention also relates to new ferrocene based redox polymers 

that are amongst other uses well suited for being used as electrochemical 
activator in glucose sensors of the invention as well as in any as well as any 
other ioiown electrodiemlcal detection of analytes, for example. Although 
ferrocene-containing monomei? usually undergo free radical poiymerfzation 

10 with great difficulty, the inventors have found that redox polymers containing 
fen'ocene can be elegantly and readily prepared using an alcoholic medium 
prepared from, for instance, a mixture of ethanoi and water, together with a 
persulfate salt as radical initiator. 

[0072] Whilst any organometallic redox species can be used as a redox 

15 mediator (e.g. nickelocene and cobaltocene), ferrocene-based redox mediators 
are prefemed, for example due to the suitable redox potential derived from the 
oxidation of fenrocene to ferrocinium ion. 

[0073] Ferrocene derivatives can be used as diffusional electron transfer 
mediators in homogeneous systems, it should be noted that diffusional 

20 mediators are typically low in molecular weight and can leach out of the 

■ 

electrode and be lost in the sample that Is being measured. For this reason, 
sensors based on difhjsional mediators are suitable as disposable sensors 
which are used once and disposed immediately thereafter. 

[0074] Ferrocene derivatives can also be used as mediators tiiat are 
25 immobilised on an electrode surtece and then attached to a protein molecule, 
such as an enzyme or an antigen, via crosslinldng between crossilnkable 
functional groups found both in the enzyme and in a side chain of the redox 
polymer. 

[0075] Suitable poiymerisable ferrocene derivatives that can be used as 
30 a first monomer to fomn a redox polymer should possess a side chain unit 
having an unsaturated bond, such as a C-C double or triple bond, or a N-N 
double bond or a S-S double bond. Examples of such side chain units include 
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aikenyi groups, represented by the general formula Ri-C=C-. The double bond 
can be located at any position along the carbon chain. Aromatic groups e.g. 
phenyl, toluoyi and naphthyi groups can also be used. Furthemnore, the 
poiymerisable group can also comprise substituted Oatoms wherein a halogen 
5 (e.g. fluorine, chlorine, bromine or iodine), oxygen or hydroxyl moiety for 
example, substitutes one or more hydrogen atoms on carbon atoms in the 
group. Further examples Include an alkynyl and a disulphlde group. 

[0076] In a preferred embodiment, the poiymerisable fen'ocene derivative 
is selected from the group consisting of vinyl-fenocene, acetylene-ferrocene, 

1 0 styrene-fenocene and ethylene oxide-fenocene. 

[0077] The presence of an unsaturated bond in these derivatives would 
allow the fen'ocene molecule to be attached to a polymer backbone via 
copoiymerisation with another spedes having also at least one unsaturated OC 
double or triple bond, or a N-N double bond or a S-S double bond, via free 

15 radical polymerisation. 

[0078] For the seccmd monomer unit that is used in copoiymerisation with 
the poiymerisable fenocene derivative, any suitable acrylic acid derivative 
having a primary add or base functional group capable of acquiring a net 
charge can be used. This means that the invention provkles for positively as 

20 well as negatively charged polymers and thus ensure that conducting bilayers 
as e>q}lained above can be fomned, irrespective of the net charge of the 
complex formed between capture molecules and analyte molecules. In general, 
there are two requirements for selecting a suitable acrylte acid derivative for use 
as a monomer. In order for it to copolymerise with the ferrocene derivative, it 

25 should possess of at least one unsaturated bond, which can be provided by a 
C-C double or triple bond, or a N-N double bond or a S-S double bond for 
example. Secondly, the acrylic acid derivative shoukl be able to function as a 
Bronsted-Lowry add or base by produdng H"^ ions or by accepting ions, 
respectively. Examples of functional groups which can provide a Bronsted- 

30 Lowry add or base function indude primary amine groups which can accept H"^ 
ions to fomi charged amine groups, or cart}oxyl groups, or sulfate which can 
donate ions when the add functionalities dissociates to release tons. In 
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this respect, it is noted that although the use of primary amine groups is 
preferred in the present application, it is evident for the skilled person that also 
secondary or tertiary amine groups present in the acrylic acid derivative can be 
used in order to generate a positively charged redox polymer. In tills respect, It 
is also noted tiiat tiie acid or base functionality, although it is a primary one, 
does not need to be a temninal group, but in case of a branched side chain can 
be present "witiiin" the shorter one of tiie side chains. 

[0079] While any suitable acrylic acid derivative having an acid or base 
functional group can be used, prefered monomers tfiat are used as tiie second 
monomer in a redox polymer of the present sensor is an acrylic add derivative 
represented by tiie general formula (I): 
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CHa 
CH 

5 

C=0 
I 

R 

wherein R is selected from the group consisting of CnHan-NHz, CnHan-COOH, 
10 NH-CnHat-SOsH, and NH-CnHan-POaH, wherein the alky! chain is optionally 
substituted, and wherein n is an integer from 0 to 12, preferably 0 to 8. The alkyi 
group can thus be straight chained or branched, and can also comprise double 
or triple bonds or a cyclic structure such as cydohexyl. Examples of suitable 
aliphatic moieties within the substituent R are methyl, ethyl, propyl, isopropyl, 
15 butyl, isobutyl, pentyl, isopentyl, hexyl, cydohexyl, or octyl to name a few. The 
aliphatic group can further be substituted by an aromatic group sudi as phenyl, 
a halogen atom, a further base or add group, or an 0-alkyi group, for example. 
Exemplary aromatic groups that can be present as substituents are phenyl, 
toluoyi or naphthyl. The halogen atom can t>e selected from fluoride, chloride or 
20 bromide. Examples of suitable o-alkyl groups are methoxy, ethoxy, propoxy or 
butoxy, whereas the n-alkyi group Is selected from -NHMe, -N(Me)2, -N(Ethy02 
or -N(Propy02. 

[0080] The monomer of the acrylic add derivative, if not commercially 
av^lable, can be made starting via nudeophilic substitution from acryl amide, 

25 for example, by reaction of its temninal NHa-group with an suitable activated 
derivative of an acid or base compound having an alkyI chain as defined here. 
For example, acryl amid may be reacted with 4-bromobutanoic acid or a ester 
derivate thereof, yielding the respective acryl amid monomer. An analogous 
procedure can be used for the sulfonic or phosphoric add derivatives. 

30 [0081] Typically, for biological samples, the pH can be between about 

6.5 to 7.5. Under such a pH range, acrylamide units in the redox polymer can 
acquire a positive charge i.e. become cationic. This positive charge brings the 
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ferrocene moieties in the polymer, via electrostatic interaction, to a much closer 
proximity to the redox centers on glucose oxidase (where glucose oxidase is the 
selected oxidoreductase enzyme) because glucose oxidase is negatively 
charged, i.e. anionic, in this pH range. 

[0082] In one sensor of the present invention, the oxidoreductase 
enzyme is covalently linked to the redox polymer by cross-linkages. The redox 
polymers of the Invention can be co-lmmobllized with the oxidoreductase 
enzyme at an electrode surfiace, making the enzyme an integral(functionaO part 

* 

of the electrode. Colmmobllisation of enzyme and mediator can be achieved by 
labeling the enzyme with the redox mediator, followed by enzyme 
immobilization on the electrode surface. Alternatively, the redox poller can be 
immobilized on the electrode surface first, and then the enzyme is immobilized 
in the redox polymer. It is also possible to immobilize both enzyme and redox 
polymer in a matrix fomned from a conducting polymer. 

[0083] In another sensor of the present invention, the oxidoreductase 
enzyme and redox polymer are diffusibly dispersed in a nanoparticulate 
membrane comprising nanopartides of at least one inorganic oxide of an 
element selected from Group lA, IIA, IIIA, IVA, IB, IIB, IIIB, IVAB, VB, VIB, VIIB 
or VIIIB of the Periodic Table. 

[0084] In such a sensor, the redox polymers operate as a dtffusional 
mediators shuttling between electrode surfaces and the test sample. A 
nanoparticulate membrane which incorporates a redox polymer not only 
provides electron mediating function, but also provides anaiyte filtering function 
to prevent electrodes from coming into contact with other electrochemically 
active materials in the sample. The nanopartides in the membrane provide 
microchannels in which anaiyte molecules can diffuse into in order to reach the 
oxidizing electrode in the sensor. 

[0085] In an embodiment of a sensor of the Invention, the redox polymers 
of fonnula (1) have a molecular weight of between about 1000 and 5000 
Daltons, or preferably between about 2000 and 4000 Daltons. 

[0086] In another embodiment of the invention, the redox polymer of 
fonnula (I) has ferrocene loading between about 2% to 17%, or 3% and 14%. 
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High levels of ferrocene loading, preferably at least above 3%, are desirable. 
Usually, a low level of fen-ocene loading would impose a limit to tlie glucose 
concentration that can be measured. For example, where glucose concentration 
is much higher than the mediating capacity of the ferrocene molecules present, 
5 the amperometric response that is generated may be limited by the small 
number of mediating fen'ocene molecules, resulting in an inaccurate 
measurement Therefore, by employing the redox polymers of formula (I) having 
a higher level of fent>cene loading, the upper limit of glucose concentrations 
that can be tested with the sensor is raised and thus smaller volumes of sample 
10 required. 

[0087] The present invention is also directed to a process for prepaiing a J 
water soluble, redox polymer. The process essentially involves polymerising a 
first monomer unit of a poiymerisable ferrocene derivative witti a second 
monomer unit comprising an eicrylic acid derivative, such as a primary, 
15 secondary or tertiary acryiamide, to produce a copolymer. The aciylic acid 
derivative possesses an acid or base functional group capable of acquiring a 
net charge. Importantiy, the polymerization reaction is carried out in an aqueous 
alcoholic medium In tiie presence of an Initiator. 

[0088]The addition sequence of the monomers and initiator can be 
20 varied. For example, it Is possible to mix the first and second monomer in 
alcoholic medium, and then add tiie initiator to the initiate the reaction, it is also 
possible to dissolve one of the monomers m aqueous alcoholic medium first, 
and tiien add tiie initiator to it, before adding tiie otiier monomer to the mixture. 
[0089]An alcoholic medium can be prepared witii any organic alcohol, 
25 for example, aliphatic alcohols such as ettianol, or aromatic alcohols such as 
phenols. The volumetric ratio is usually within the range of ca 5:1 to 1:1 
(alcohol/Water). In some embodiments, it is about 3:1 . 

[0090] In an embodiment of tiie process according to tiie invention, 
polymerisation is canled out using an aqueous alcoholic solvent comprising 
3 0 etiianol and water in a volumetric ratio of between about 2:1 and 3:1 . 

[0091]Altiiough polymerisation may proceed witiiout tiie addition of an 
initiator, it is desirable to add a radical initiator which stacks tiie electron-rich 
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centres found at the unsaturated bonds In the monomers. Accordingly, in 
another embodiment of the invention, polymerization is Initiated by adding a free 
radical Initiator. 

[0092]Any free radical Initiator can be used. Examples Include Inorganic 
salts such as persulfate salts, as well as organic compounds such as benzoyl 
peroxide or 2,2'-azoHC)/s-lsobutyrylnitrile (AIBN), which are able to produce 
radical fragments called initiator fragment^ each of which has one unpaired 
electron which can function as a free radical which attack tiie unsaturated 
bonds in the monomer unite. 

[0093] In some embodiments, tiie free radical Initiator is selected form 
the group consisting of ammonium persulfate, potassium persulfate and sodium 
persulfate. 

[0094] In one embodiment of tiie invention, the weight ratio of free radical 
Initiator added is between about 20 mg to 40 mg per 1 gram of monomer. The 
inventors have found tiiat tiie amount of radical Initiator affected the degree of 
polymerization. High amounts of radical initiator significantiy reduced 
polymerization efficiency, resulting In redox polymers having lower molecular 
weight. This also meant tiiat relatively iittie radical Initiator was needed in tiie 
polymerization process, compared to normal free radical pol^erization 
reactions. Apart from the quantity of free radical initiator used, tiie addition 
sequence of reactants (see below in relation to a process of the Invention), also 
affected polymerization efficiency. 

[0095] The process according to the Invention can be canied out at 
standard conditions of room temperature and pressure. However, in order to 
accelerate tiie reaction, it is generally prefen^d to cany out tiie reaction mixture 
under reflux. Care must also be taken not to use an excessively high 
temperature which might lead to the decomposition of tiie polymer or the 
reactants. Thus, a suitable upper limit is generally below 100 °C. In a preferred 
embodiment of tiie process, polymerization is canied out under reflux at a 
temperature of between about 60 °C to 80 °C. 
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[0096] in a further embodiment, polymerisation is canied out under reflux 
in an inert atmosphere. An inert atmosphere can be provided by nitrogen gas, 
or helium gas or argon gas for instance. 

[0097]The length of time that is required for polymerization can be 
5 dependent upon the temperature used and the amount of Initiator added to the 
reaction broth. Typically, polymerization is carried out for a period of time 
between 10 to 40 hours, and preferably for about 24 hours. 

[0098] One embodiment of the inventive process further comprises a 
producing a pre-reaction mixture prior to polymerizing said first and second 
10 monomers, comprising: 

dissolving the acrylic acid derivative monomer unit in an aqueous 
alcoholic medium, then 

adding the free radical initiator, and then 

adding the polymerisable ferrocene derivative monomer unit to the 
15 mixture. 

[0099] in a further embodiment of the above process, the feeding ratio of 
acrylic add derivative to polymerisable ferrocene derivative in the pre-reaction 
mixture that falls between about 5 % and 15 % of the weight of monomer added 
is preferable in order to obteiin a redox polymer having a suitable molecular 
20 weight and viscosity. 

[00100] In yet a further embodiment, the polymerisable fen'ocene 
derivative monomer unit is dissolved in an aqueous alcoholic medium prior to 
being added to the reaction mixture. 

[00101] In an embodiment of the process of the invention, the redox 
25 polymer is precipitated in an organic solvent. Organic solvents that can be used 
to dissolve monomers involved In polymerization include ether, l<etone and 
alcohol for example. 
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EXAMPLES 

Example 1 : Construction of a diffuslonal mediator biosensor 
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[001 02] Rgure 1 shows an exploded isometric view of a tip-filling 
biosensor 2 according to an embodiment of the present Invention. The 
manufacturing process of the biosensor 2 according to the specific embodiment 
is next described. Rrstly, an array of cartDon electrodes, such as of Electrodag 
423SS available from Acheson Colloids Co., Ontario, Callfomia, U.SA, Is 
printed using a suitable mask on a polyester-film substrate. The printed 
substrate is then dried at a temperature of around 7(PC for a predetermined 
period of time, for example twenty-four hours. Thereafter, a double sided tape 
with holes appropriately formed therein is placed on the printed substrate. 
These holes would eventually define the recesses 14 and the openings for 
exposing the electrode portions 20, 22. A uniformed nanoparticulate membrane 
Is then screen-printed, using a suitable masl<, on the woridng surfaces of the 
cariwn electrodes with an aqueous sluny "ink" of PVFcAA (prepared as 
described in Example 2, betow), GOX, a poly(vlnylpyridlne-co-acrylic acid) 
(PVPAC) binder and alumina nanoparticles. The resultant structure Is then dried 
at a temperature of around 37°C in a controlled environment The thickness of 
the nanoparticulate membrane may generally be contrDlled by adjusting the 
total content In the ink while keeping a constant volume applied on the woridng 
area, and is manipulated for example by adjusting the mesh size of a screen in 
a screen printer or by adjusting the content of nanoparticulate materials, or the 
'concentration' of the printing slurry. 

[00103] While the above-described structurie is being fonned, an 
an^y of Ag/AgCI or cart)on counter electrodes is similarly screen-printed on a 
second polyester film using a suitable mask and dried. This second polyester 
film is then positioned over the adhesive tape such that the counter electrodes 
are aligned with their corresponding woridng electrodes. Thereafter, the 
structure Is singulated to produce multiple biosensor 2, one of which is shown in 
Rgure 1 . 

Example 2: Syn thesis of DolvMnviferrncenft-cQ-acn/iamtdfi). 

POlvMnylfe n-Qcene-co-acrvlic add) and polvfvinylferrocene-cQ-acrvlamidQ- 
sulohonic acid^ copolymers 
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Glucose oxidase (GOx, EC 1.1.3.4, from Aspergillus niger, 191 unfts/mg) was 
purchased from Ruka (CH-9470 Buchs, Switzerland). Ferrocene (Fc), 
Vinylferrocene (VFc), acrylamlde (AA), acrylic acid (AC), 2-acrylamldo-2-methyl- 
l-propane-sulfbnlcadd (cat. no. 28,273, "acrylamldo-sulfonic add" or AAS) and 
persulfate salts were purchased from SIgma-Aldrich (St. Luis, MO, USA.). All 
other chemicals such as acetone, ethanol, and phosphate buffered saline used 
were of certified anaiyb'cai grade. All solutions that were used were prepared 
with deionized water. 

[00104] UV spectra of polymers produced in the experiment was 
perfonnecf and recorded on an Agilent 8453 UV-visible spectrophotometer. 
Molecular weights were determined with a Toyo Soda high perfomnance gel 
permeation chromatography in water and standard poiy(ethyiene oxide) and 
poiy(ethylene glycoQ for calibration. 

0 Synthesis of Dolv(vinytferrocene-co-acrvlamide) polymers 
[00105] TTiree samples containing 1.0 g acrylamlde dissolved in 10 
ml of mixture solvent of etiianolMater (3 parts to 1 part) were prepared. A 0.30 
ml aliquot of 0.10 g/ml oxygen-free persulfate solution was added to each 
sample after being deoxygenated for 10 minutes. Three amounte of 
vinylferrocene ranging from 0.05 g to 0.16 g were dissolved in degassed 
ethanol to form three vinylferrocene solution samples, the amount of fen-ocene 
that is added for each sample being calculated to obtain acrylamide-to- 
vinylfenx)cene feeding ratios (w/w) of 95:5, 90:10 and 85:15, respectively. Each 
vinylferrocene sample was tiien added to an acrylamide-lnitiator mixture. 
Reaction mixtures were refiuxed at 70 "C for 24 hours in nitrogen atmosphere. 
After cooling, the reaction mixtures were, separately, added drop-wisely to 
rapidly stinred acetone in order to precipitate a redox polymer. The precipitated 
redox polymer was washed with acetone and purified by multiple water- 
dissolving acetone-precipitating cycles. The purified product ms then dried 
under vacuum at 50°C. 

in Svntiiesis of polyMnvl fen-ocene-co-acfylic acid) polvmers 
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[00106] Three samples containing 1 .0 g acrylic add dissolved In 1 0 
ml of mixture solvent of ethanol/water (3 parts to 1 part) were prepared. A 0.30 
ml aliquot of 0.10 g/ml oxygen-free persulfate solution was added to each 
sample after being deoxygenated for 10 minutes. Three amounts of 
vlnylfemocene ranging from 0.05 g to 0,16 g were dissolved in degassed 
ethanol to form three vinylfen-ocene solution samples, the amount of 
vinylfen-ocene that Is added for each sample being calculated to obtain 
acrylamide-to-vlnylfen^ocene feeding ratios (w/w) of 95:5, 90:10 and 85:15, 
respectively. Each vinylferrocene sample was then added to an acrylamlde- 
Initiator mixture. Reaction mixtures were refluxed at 70 °C for 24 hours in 
nitrogen atmosphere. After cooling, the reaction mixtures were, separately, 
added drop-wisely to rapidly stirred acetone In order to precipitate a redox 
polymer. The precipitated redox polymer was washed with acetone and purified 
by multiple water-dissolving acetone-precipitating cycles. The purrfted product 
was then dried under vacuum at 50°C. 

Iin Prepara tion of Dolv(vinvl ferrocene-co-acfylamido-sulphonic add) polvmers 

[00107] Three samples containing 1 .0 g acrylic add dissolved In 10 
ml of mi)dure solvent of ethanol/water (3 parts to 1 part) were prepared. A 0.30 
ml aliquot of 0.10 g/ml oxygen-free persulfate solution was added to each 
sample after being deoxygenated for 10 minutes. Three amounts of 
vlnylfem)cene ranging from 0.05 g to 0.16 g were dissolved In degassed 
ethanol to form three vinylfen-ocene solution samples, the amount of 
vinylferrocene that is added for each sample being calculated to obtain 
acrylamide-to-vinylfen-ocene feeding ratios (w/w) of 95:5, 90:10 and 85:15, 
respectively. Each vinylferrocene sample was then added to an acrylamlde- 
initiator mixture. Reaction mixtures were refluxed at 70 for 24 hours in 
nitrogen atmosphere. After cooling, the reaction mixtures were, separately, 
added drop-wisely to rapidly stin-ed acetone In order to precipitate a redox 
polymer. The predpitated redox polymer was washed with acetone and purified 
by multiple water-dissolving acetone-precipitating cycles. The purified product 
was then dried under vacuum at 50^. 
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Results and Discussion 

[00108] Co-poiymerizatlon of vinylferrocene with acryiamide and its 
derivatives were carried out based on conventional radical polymerization 
5 reaction. The general reaction equation is depicted in Figure 6. 

[00109] However, in order to successfully co-polymerize the 
monomers, great attention was given to the terminating effect of vinylfen'ocene 
in the system. As mentioned in the introduction section, vinytfen-ocene usually 
acts as radical scavenger in the co-polymerization system. It was found that the 
10 amount of radical initiator is substantially less that tiiese needed in nomnal 

polymerization systems. Higher amounts of radical initiator significantly reduced J 
polymerization efficiency and the molecular weight of the product Besides, the 
addition sequence also affects tiie polymerization efficiency. 

[00110] Less than 20% of polymerization was observed when 
15 adding the persutfate radical initiator to tiie solution of vinylferrocene and 
acryiamide. This Is probably because the formation of fen-ocenium In tiie 
reaction mixture which resulted In the retanjation of polymerization rate and 
much early temiination of tiie polymer chain growtii process. As shown In Table 
1 . under optimal conditions, relative high yields were obtained. 



20 
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Table 1 . Co-polymerization of vinylferrocene, acrylamide, and its derivatives 



Feeding ratio 


Yield (%) 


VFc content 


Molecular 


AAA^Fc 


fin 




ODUU 


AA/VFo 


72 




OIUU 


AA/VFc 
85:15 


56 


11% 


2400 


AC/VFc 
95:5 


75 


3% 


2800 


AC/VFc 
90:10 


55 


7% 


2500 


ACyVFc 
85:15 


45 


6% 


2000 


AAS/VFc 
9o:o 


85 


AO/ 


4000 


AAS/VFc 
90:10 


75 


9% 


3500* 


AASA/Fc 
85:15 


62 


14% 


• 

3000 



[00111] However, the polymer yields decreased with increasing 
vinylfen-ocene feeding ratio, which indicated that the tenninating effect in radical 
polymerization still exists, even though great care has already been taken in the 
polymerization process. It was also found that minute yields were obtained once 
the reaction mixture became blue, which was due to the fonnation of 
considerable amount of ferrocenium in the polymerization solution. Fen'ocene 
loading varied from 3 to 14%, which is always less than ferrocene content in the 
monomer feedings. 
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[00112] Ferrocene loading in the redox polymer was detennined 
from elemental analysis. Energy Dispersive X-ray Analysis (EDX) was used for 
this purpose. The energy of electron beam used on samples of the redox 
produced is 120 keV. The X-rays generated by the sample was subject to 
5 analysis by a lithium drifted silicon detector. 

[001 1 3] The molecular weight of the redox polymer was detennined 
by gel permeation chromatography. Generally, the redox polymers prepared 
with higher ferrocene feeding ratio had lower molecular weight and broader 
molecular weight distribution. 

10 

Characterization of the synthesized redox polvmers 

[00114] The synthesized copolymers were light-yellow colored, 
powdery materials. Molecular weights of the copolymers are in between 2000 
and 4000 Daltons. FT-IR experiments (see Rgure 7) cleariy showed the 

15 complete disappearance of vinyl absorption at 1650 suggesting that both 
acrylamide and vinylferrocene were successfully polymerized and the resulting 
redox polymer is of high purity, free of monomers. Further evidence can be 
found in the 1000-1300 cm'^ region. Extremely strong adsorption accompanying 
by a weak one at 1126 cm'^ indicates the presence of fen-ocenyl units in the 

20 redox polymer and Vne strong absorption at 121 8 cm'^ suggested amide groups 
in the polymer. UV experiments, again, confirmed tiie successful co- 
polymerization of vinylfen'ocene and acrylamide. The minute shoulder at 300 
nm is a dear indicative of fenocene moiety in tiie co-polymer (see Rgure 8). 
Having fen'ocenyi and amine or cart}oxylic acid moieties in the redox polymer 

25 rendered tiiem with dual-function: redox activity for electron-mediating and 
chemical activity for cross-linking with proteins. 

[001 15] Increasing tiie feeding ratio of vinylferrocene was intended 
to increase the proportion of fen'ocenyi moiety witiiin tiie redox polymer. 
However, varying the amounts of vinylfen'ocene also affected tiie polymer yield. 

30 The highest yield obtained was when the vinylferrocene feeding ratio was the 
lowest, which is in good agreement with the unusual behavior of ferrocenyl 
compounds in radical polymerization. As indicated in Table 1, altiiough the 
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content of ferrocenyl moiety in the polymer increased with increasing 
vinylferrocene feeding ratio, but it is by far not linear at ail. it was found that, for 
biosensing purpose, a vinyifen'ocene feeding ratio of 10% is sufficient, which 
gives good mediating function and good economy. The amount of initiator used 
5 in the polymerization also affected composition and yield of the redox polymer. 
It was found that good redox polymers were obtained when the initiator is in the 
range of 20-40 mg per gram of monomers. 



1 



o 



Example 3: Obtaining Cyclic Voltammoarams of the redox polymers 
10 [00116] Redox polymers were prepared in phosphate-buffered 

saline (PBS) solutions in the presence of 0.0 pg GOx, 10 pg GOx, and 10 pg 

GOx and 10 mM glucose. 

[00117] Electrochemical tests were performed with an AufoLab 

potentiostat/gah/anostat running under the general purpose electrochemical 
15 system (QPES) manager version 4.9. A 3-electrode system cell, housed in a 

Faraday cage. The electrodes were a (Ag/AgCO reference electrode, a platinum 

wire counter electrode and an Au wortdng electrode (surface area of 7.94mm^. 
[00118] In contrast to vinylfent)cene, the redox polymers that were 

synthesized have high solubility in water but are insoluble in most organic 
20 solvents. This characteristic renders the redox polymers ideal for uses as 

mediators in biosensing, particularly in enzyme-linked biosensing since most 

enzymes only work in aqueous media. 

[001 19] Rgure 9 shows typical cyclic voltammograms of the In PBS 

containing only the redox polymers, the voltammograms exhibited highly 
25 reversible solution electrochemistry: the redox waves centered at ~ 0.18 V (vs. 

Ag/AgCl), the voltammogram has diffusion-limited shape, the magnitude of the 

anodic and cathodic peak cunent is the same, the peak-to-peak potential 

separation Is 60 mV, very close to the theoretical value of 59 mV at 25°C. These 

redox waves can be assigned to the oxidation and reduction of fon'ocenyl 
30 moieties in the redox polymers, which indicate excellent redox activity of the 

polymer. The vottammetric experiments, again, demonstrated that 

vinyifen'ocene was successfully co-polymerized witii acrylamide and its 
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ciei1>^tives and the ferrocenyl moieties In the polymers retain their 
electroactivltles. The redox polymers in PBS are in real solution form with free 
diffuslonal behavior. Splicing this solution with varies amounts of glucose did not 
change the voltammogram at all, which suggests that there is no catalytic 
5 oxidation of glucose by the redox polymers alone. Furthemiore, no obvious 
changes were observed when adding small amounte of GOx in the redox 
polymer solution. The electrochemistry of the resulting solution was practically 
the same as the redox polymer alone solution. However, when 1 0 mM glucose 
was added to this solution, the enzymatic oxidation of glucose by GOx proceeds 
10 in the solution. The redox centers in GOx, FAD were converted to FADHa. 

When the electrode potential was scanned past the redox potential of tiie redox J 
polymer, significant amount of ferrocene moieties in the redox polymer was 
oxidized to fenxxjenlum near tiie electrode surface. The redox potential of 
FAD/FADH2 in GOx is -0.36 V (vs. Ag/AgCI), which is much lower than tiie 
15 ferrocene/femx»nium couple, the fen"Ocenium moieties in tiie vicinity of FADH2 
oxidize it back to FAD, and tiie ferrocenium moieties in the redox polymer are 
reduced to tiie original f^nx)cene moieties. These two reactions form a catalytic 
cycle, as illustrated in Rgure 4, or in ottier words, glucose oxidation by GOx is 
mediated by tiie redox polymer. 
20 [00120] Thus, the catalytic reaction by tiie redox polymer greatly 

enhances the oxidation cunrent In tiie solution containing glucose, as seen in 
Figure 9 (light grey ti-aces). If tiie electi-on-exchange among FADH2, redox J 
polymer and elecbxxie are all very fast, large amount of fenrocenium moieties 
are produced during electrochemical oxidation, and tiiey are, in turn, rapidly 
25 consumed by FADH2. This Is tiie reason for tiie much lower reduction cun-ent of 
ferrocenium moieties, as compared to tiiat obtained in tiie glucose-4ree 
solution. These data suggests tiiat tiie redox polymers function effectively as 
redox mediators in enzymatic reactions, shuttling electrons from tiie redox 
centers of enzyme to electrode surface. 

30 



1 



0 
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Example 4: Synthesis of a membrane comprising vinyl ferrocene-co- 
acrvlamide cross-iinlced witii glucose oxidase-laovine serum aibumin 
(GOx-BSA) 



5 [00121] The cross-linidng reaction of the redox polymer with 

proteins was earned out to study the electrochemical properties of the resulting 
membrane. The enzyme GOx was used in the present example. Giutaradehyde 
and poiy (ethylene glycol) diglycidyl ether (PEG) were chosen as cross-linlcers. 
Biological grade glutaraidehyde (50% in water, product code 00867-1 EA) and 

10 poly (ethylene glycoQ diglycidyl ether (PEGDE) (product code 03800) was 
obiained from Sigma-Aidrich. 

pK)122] Rrst, poly(vinylferroceneKX)-acrylamide) obtained 1r(xn 
Example 1 was deposited onto a gold electrode. GOx-BSA was modified with 
the crossiinl<ers to provide GOx-BSA with an aliphatic cart>on chain with a 

15 tenrwial aldehyde functional group which can pro\nde cross linl^ge with 
suitable functional groups on the immobilized mediator. Subsequently, the 
modified GOx-BSA was deposited and reacted with the immobilized initiator. 
The aldehyde group on the modified GOx-BSA reacted witii the amine group on 
the PAA-VFc to fomn a covalent crossllnkages. After reaction was canled out, 

20 the PAA-VFc-GOx-BSA film was allowed to dry. 

[00123] The crosslinited PAA-VFc-GOx-BSA film on gold electrode 
was subjected to voltammetric analysis. Blank PBS was used, and a potential 
scan rate of 50 mV/s was applied. 

[00124] Figure 10 shows a cyclic voltammogram of the PEG cross- 

25 linked PAA-VFc with GOx and BSA on gold electrode in blank PBS. As 
illustrated in Rgure 1 0, tiie cross-linked film exhibited exactly as expected for a 
highly reversible surface immobilized redox couple (AJ. Bard, LR. Faulkner, 
Electrochemical Methods, John Wiley & Sons: New York, 2001.) with littie 
change after exhaustive washing wittn water and PBS, and after numerous 

30 repetitive potential cycling between -0.2 V and +0.8V, revealing a highly stable 
surface immobilized fen^cenyl film on gold electrode. At slow scan rates, <1 00 
mV/s, a remarkably symmetrical signal was recorded as expected for a surface 
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confined one-electron redox system exhibiting an ideal Nemstlan behavior: The 
peak current is proportional to the potential scan rate, the peak-to-peak 
potential separation is much less than 59 mV, as observed in the case of 
diffusiohal behavior In solution (see Figure 9), and the width of the current at 
5 half-peak height is around 90 mV. Such results ascertain that all of the 
ferrocenyl redox centers are allowed to reach the electrode surface and 
proceed to reversible heterogeneous electron transfer. Upon adding 1 0 mM of 
glucose to the PBS solution, a typical catalytic electrochemical curve was 
obtained. However, the reduction peak of the redox polymer disappeared 

10 (Rgure 10, light grey trace). This meant that the sensing layer was 
homogenously maintained in the reduced state by the transfer of electrons from 
the reduced GOx to the fen-ocenyi moieties. The rapid response and cument 
detected Indicated excellent mediating function of the redox polymer the high 
cun-ent sensitivity (750nA/mM glucose) of tiie biosensors. 

15 [00125] Based on these positive results, further &(amples were 

canied out to investigate the perfomnance of biosensors incorporating redox 
polymers of tiie present invention as a diffusional mediator co-dispersed with 
glucose oxidase in a nanoparticulate membrane. 



20 Example 5; Preparation of a nanopa rticulate membrane which 

Incorporates co-dispersed diffusional polyMnvl ferrocene-co-acrylamlde^ 
and glucose oxidase. 

I) Preparation of poivMnvlferrocene-cQ-acrvla mide) redox Dolymer 

D-(+)-glucose and glucose oxidase (GOX, EC 1.1.3.4, from Aspergillus 

25 niger, 191 units mg"^) were purchased from Sigma-Aldrich (St Louis, MO, USA). 
Alumina nanoparticles, witii particle size ranging from 10 to 1000 nm, were 
synthesized in house as follows. Aluminum nitrate (AI(N03)3 9H2O, 88.30 g) 
was dissolved in 471 ml of water, and tiien added dropwise to a base solution 
prepared from 205.9 ml of concentrated ammonium hydroxide In 41 1 .93 ml of 

30 water. The resulting precipitate was stinBd and aged at 25°C overnight, 
and then centrlfuged for supernatant removal. After washing, drying, and 
grinding, the precipitate was calcinated at 700°G in air for 3 hours. The resulting 
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gamma-alumina nanocrystals have a controllable size range between several 
tens to hundreds of nanometers. 

[00126] The phosphate-buffer saline solution (PBS) (pH of 7.4) was 
prepared from phosphate salts (0.020 M) and sodiurh chloride (0.15 M). The 
5 poly(vinylfen'ocene-co-acrylamlde), glucose and GOX solutions were prepared 
with the PBS buffer. Glucose stock solution was allowed to mutarotate for at 
least 24 h before use. All solutions were prepared with deionized water ob^ned 
from Millipore. All other chemicals used in the present example were of certified 
analytical grade. 

10 [00127] Poly(vinytferrocene-co-acrylamide) (PVFcAA) redox 

polymer was synthesized according to the following procedure: 0.15 g 
vinytfen'ocene and 1.0 g acrylamide were dissolved in 10 ml of aqueous alcohol 
(2 parts ethanol : 1 part water). To initiate polymerization, a 0.50 ml sdiquot of 
0.10 g/ml 0}^gen-free ammonium persutfate solution w^ added to the reaction 

15 mixture after 10 minutes of deoxygenating. The mbdure was refiuxed for 24 h 
under nitrogen. After cooling, the redox polymer was precipitated in acetone. 
Purification was performed by dissolving the crude product in water and 
precipitating in an acetone/water mixture. 



o 



20 in The synthesis of nanocomposite membrane 

[00128] The nanocomposite membrane was screen-printed onto 
carbon strip using an aqueous .slurry Ink" of PVFcAA, GOX a 
poly(vinylpyridine-co-acrylic add) (PVPAC) binder and alumina nanoparticles. 
The aqueous sluny ink was prepared by mi)dng PVFcAA as prepared above, 

25 GOX, poly(vlnylpyridine-co-acryllc acid) (PVPAC) or poly(vinylpyridine-co- 
acrylamo-sulfonlc acid (PVPPAS) binder and alumina nanoparticles into water 
according to the following range of concentrations: Glucose oxidase: 0.20-0.50 
mg/ml, mediator 10-20 mg/ml, nanoparticles: 30-100 mg/ml, PVPPAC or 
PVPPAS Binder: 40-150 mg/ml. The slurry ink can be stored or immediately 

30 used. When it is desired to coat a sensor electrode with a membrane layer, the 
sluny ink is loaded into a deposition apparatus such as a screen printing 
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machine, and deposited onto the electrode to form the membrane. Prior to 
assembly Into a sensor, the membrane is first allowed to dry. 

Example 6: Cyclic voltammetry analysis of a glucose biosensor using a 
diffusional polyfvinvlferrocene-co-acrylam ide) mediator and glucose 
oxidase co-dispersed In a nanopart i^ul^te membrane 

[00129] A sensor was assembled with a screen printed carbon 
working electrode and a Ag/AgCL reference electrode in the present example, 
using a sluny ink as prepared in Example 5. The performance of ttie sensor 
was analysed using cyclic voltemmetry. All electrochemical measurements were 
canied out with a model CHI 660A electrochemical workstation (CH 
Instalments, Austin, USA) at room temperature. Cyclic vottammetric 
measurements were performed using a conventiongd three-electrode system, 
consisting of a screen-printed cartaon woridng electrode, a miniature Ag/AgCi 
reference electrode (Cypress Systems, Lawrence, KS, USA ) and a platinum 
wire counter electrode. To avoid the spreading of the printing ink beyond the 2- 
mm diameter wortdng area, a patlemed hydrophobic film was applied to the 
cartDon electrode. To avoid electrode fouling and possible concentration 
changes in the ink, fresh electrode and Ink were used for each voltammetric 
test All glucose measurements were perfomried in the PBS solution. In 
experiments where the pH was varied, 1 .0 M HCI and 1 .0 M NaOH solutions 
were used to adjust the pH of the PBS buffer. In amperometric experiments, the 
woridng electrode was poised at 0.30 V (vs. Ag/AgCI ). 

Results and Discussion 

[001 30] A typical cyclic voltammogram of the PVFcAA mediator in a 
plain nanocomposlte ink Is shown In Rgure 12. The electrode exhibited 
classical features of a diffusion-controlled Wnetlcally fast redox couple. The 
peak current Increased linearly with the square root of potential scan rate, and 
the difference between the reduction and oxidation peak potential remained 
unchanged at 59 mV for scan rates up to 200 mV/s, showing that charge 
transfer from the mediator to the electrode is rapid. Spiking this ink with glucose 
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did not change the voltammogram at all, which suggests that there is no 
catalytic oxidation of glucose by the mediator alone. Furthermore, practically 
identical voltammograms, as that shown in Rgure 12a, were obtained in the 
presence of different amounts of GOX, ranging from 0.10 to 20 mg/ml, 
5 indicating that the enzyme does not appreciably affect the electrochemistry of 
the FC^/Fc redox couple in the ink. However, an addition of a very small amount 
of glucose to this ink resulted in an enhanced anodic cunent and a diminished 
cathodic cunent (Rgure 12b). In addition, as can be seen in Rgure 12b, the 
voltammogram was lifted up towards the anodic side around the redox potential 
10 of tiie mediator. Such changes are indicative of a typical chemically coupled 
electrode process (electrocatalysls). The electrocataiysis can be described by 
the following reaction sequence: 



Glucose + GOX-FAD + 2 H* — Gluconolactone + GOX-FADH2 (1) 
15 GOX-FADH2 + 2 Fc* - GOX-FAD + 2 Fc + 2 (2) 
Fc Fc* + e' (3) 

[00131] Thus, tiie GOX-FAD is reduced to tiie GOX-FADH2 by tiie 
glucose penetrating to the membrane (Eq. 1), electrons are transferred from ttie 

20 GOX-FADH2 to tiie Fc^ sites (Eq. 2), and the electrons are then tiansfen'ed 
tiirough the FcVFc sites of the polymeric mediator to the electrode surface (Eq. 
3). The oxidation of fen^cene moieties at tiie underlying carbon elecb'ode 
accounts for the enhanced anodic current seen in Rgure 1 2b. 

[001^] The rate constant k of tiie catalytic reacti'on between Fc 

25 and GOX can be estimated from the voitammeti'ic data obtained in tiie presence 
of a large excess of glucose to ensure tiiat the enzyme is completely reduced. 
Under such circumstances, tiie reacti'on between GOX and Fc (Eq. 2) is 
practically pseudo-first-order. As shown by Nicholson and Shain, and Liaudet 
and co-workers, the limiting current, Il> due to the mediated redox process 

3 0 between Fc and GOX can be described as follows: 

1l = nFACFc(2DFckCQQx)''2 (4) 

> 
I 

t 



I 
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where Cfc and Cqox are the concentrations of Fc and GOX, respectively. Drs Is 
the diffusion coefficient of Fc. and other symbols have their usual meanings. As 
anticipated from Eq. 4, the limiting current was independent of potential scan 
5 rate at sufficiently slow rates, and was proportional to Fc concentration and the 
square root of GOX concentration. These observations justified the use of Eq. 4 
In determining tiie rate constant of tiie mediated glucose oxidation. By 
combining Eq. 4 and ttie peak cun-ent, ip, expression in linear sweep 
voltammetiy, the li/ip relation^ip is obtained as follows: 

10 

li/ip = (2kGQ0D)^'^/ [0.4463(nFv/RT)^'^ (5) ) 
which contains experimental parameters that are easy to detemnine and is well- 
suited for the purpose of detemiining tiie rate constant since ttie electrode 
process of fc/Fc* couple Is solely conti-olled by diffusion. The rate constant was 

15 found to be about 3.8x1 0^ l/s mol, estimated from data obtained at slow scan 
rates, < 5.0 mV/s, in solutions containing 0.50 mM Fc, 60 mM glucose and 0^0 
pM GOX. Such a rate constant suggests tiiat PVFcAA efficientiy mediates tiie 
oxklation of GOX and is an excellent mediator for coupling the enzymatic 
oxidation of glucose to an electrode surMce. The rate constant obtained in this 

20 work Is significantiy larger tiian tiiose of otiier fenx>cene derivative-GOX 
systems previously reported. A possible cause could be the presence of 
cationic acrylamide units in ttie redox polymer at pH 7.4, which brings the Fc .) 
moieties to a much closer proximity of ttie redox centers of GOX via 
electrostatic interaction since GOX is anionic at this pH. 

25 

Example 7; Amperometric response of a gl ucose biosensor using 
diffusional poly(vlnylferrocene-co-acrylamideV m ediator and glucose 
oxidase co-dispersed In a nanooartic ulate membrane 

[00133] A sensor was assembled witti a screen printed carbon 
30 woridng electi-ode and a Ag/AgCL reference electi-ode in tiie present example, 
using a slurry ink as prepared in Example 5. A typical amperometric response of 
glucose in an air-saturated PBS buffer at ttie biosensor is shown in Rgure 13a. 
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Amperometric teste demonstrated that the biosensor has a rapid response time 
and high sensitivit/ to glucose. At 0.30 V, after spildng the glucose 
concentration, the oxidation current increased and reached the maximum very 
rapidly, within 5 s, followed by a gradual transient which maintains more than 
5 60% of the peak current for a period of 20 s. No catalytic oxidation cun-ent was 
observed in a blank PBS buffer under Identical experimental conditions (Rgure 
13b), but the presence of the nanopard'culate membrane did increase the 
background cunBnt and it took a considerably long time to drop to a minute 
level. 

10 [00134] In order to obtain a satisfactory perfomnance of the 

biosensor, the formulation of the nanocomposlte ink was optimized. Since the 
catalytk) reactton occurs between the mediator and GOX. the concentration of 
the mediator must be high enough to have a high sensitivity and linear 
relationship between tiie catalytic oxidation cunient and glucose concentiation. 

15 Cnhenvise, the fraction of mediated glucose c»ddation will be small and 
dependent on the amount of mediator in the membrane, instead of the glucose 
concentration. It was found that a mediator concentration of 1 5 mg/ml was best 
for our purpose and tiie optimal concentration of GOX was found to 0.20 mg/ml, 
taking Into conskieration of both sensitivity and biosensor economy (Rgures 

20 14a and 14b). The poise potential is expected to affect the amperometric 
response of tiie biosensor; it was therefore examined in tiie range of 0.0 to 0.70 
V. As illustrated in Rgure 13c, the current sensitivity inc»'eased witii increasing 
poise potential and reached a plateau at 0.30 V. A slight decrease in sensitivity 
was observed when the poise potential became more positive than 0.50 V, 

25 presumably due to an increased background cunent. Moreover, too high a 
poise potential compromises tiie accuracy of glucose measurement owing to 
complications from botii the much increased background current and possible 
direct oxidation of a number of electroacUve species at the underlying electrode. 
For amperometi-ic measurements of glucose, the potential of the biosensor was 

3 0 ttierefore poised at 0.30 V. 

[00135] The dependence of tiie catalytic oxidation current of 
glucose on tiie thickness of the nanoparticulate membrane was also 
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investigated (Rgure 14d). As can be seen in Rgure 14d, tiie catalytic oxidation 
current reached mawmum for nanoparticulate membranes with tliiclaiesses of 
250-500 \im. Insufficient materials in thinner membranes resulted in lower 
sensitivity and the disappearance of tiie cun-ent peak, On the other hand, 
furtiier increase in membrane tiiickness beyond 500 [im could inversely affect 
the membrane pemneability for glucose and the oxidation products of tiie GOX- 
catalyzed reaction. In addition, longer response times were noted for thicker 
membranes. 

[00136] Unlike those utilizing surface-immobilized sensing 
membrane, the utilization of the non-conductive nanoparticulate sensing 
membrane offers great advantages over known disposable glucose biosensors 
in terms of selectivity. In the former systems, tiie sensing membrane is part of 
tiie electirode and Is in direct contact witii blood samples. Some constituents in 
blood, such blood cells, both red and white, proteins and ascorbic add may 
interact witti ttie sensing membrane and compromise tiie accuracy of blood 
sugar measurements. In this work, the nanoparticulate membrane is non- 
conductive, and tiierefbre structurally and functionally is not part of the 
electrode. Catalytic oxidation of glucose only takes place at tiie 
electrode/nanoparticulate membrane interface. In other words, no electroactive 
species exchanges electrons witii the electrode unless it passes through the 
nanoparticulate membrane to reach that interface. Thus, the nanoparticulate 
membrane provides a banier to the passage of possible interferences of bulky 
species in blood such as cells and proteins. When tiiis formulation was used to 
print ttie nanoparticulate membrane, tiie PVPAC binder sen^ a dual function 
in ttie sensing membrane: binding and analyte regulating. On rehydration, tiie 
membrane does not break up, but swells to form a gelled layer on the screen- 
printed cartjon surface. Reaclants, such as glucose and mediators move freely 
wittiin tills layer, whereas interi'ering species, such as red blood cells containing 
oxygenated hemoglobin are excluded. Anionic ascorbic add and uric add are 
expelled by tiie anionic PVAC polymer, and the partition of dissolved oxygen 
into tiie nanoparticulate membrane is largely minimized owing to ttie highly 
hydrophillc nature of this layer. This resulted In a sensing membrane whereby 
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the amount of current generated in response to a given glucose concentration 
varied by less tlian 5.0% over a liematocrit range of 40-60% and in tiie 
presence of 0.20 mM ascorbic and 0.10 mi\^ uric acid. Sudi desirable 
insensitivity towards ttie interfering constituents in blood was also observed in 
5 wiiole blood samples. Furtfiermore, the nanoparticulate membrane presented 
an analyte regulating layer for glucose too, significantly slowing down the 
transport of glucose so that the system was not kinetically controlled, thereby 
extending the linear domain through the entire physiologically relevant glucose 
concentration range of 40 to 540 mg/dl. 

10 [00137] As mentioned earlier, oxygen affects the sensitivity of the 

glucose biosensor because glucose oxidation by dissolved oxygen occurs 
simultaneously as a side-reacdon. Initial amperometric tests on thin 
nanoparticulate membranes employing a hydrophobic poiyvinyipyridine (PVP) 
binder showed tiiat tfie response was higher in the absence of oxygen tiian that 

15 witii dissolved oxygen. At low glucose concentrations, e.g. 50 mg/dl, tiie 
competition with oxygen caused a significant decrease (~ 20%) in peak current 
Hence, tiiere was a need to suppress the oxygen interference In the system to 
achieve a highly selective and accurate biosensor. Introduction of acrylic acid 
□nits into the hydrophobic PVP resulted in a marked improvement of tiie 

20 biosensor performance. The resulting nanoparticulate membrane was highly 
hydrophilic, which improved the glucose/oxygen penneability ratio and 
optimized the accuracy and linearity of the biosensor response. The two 
amperometric graphs for 200 mg/dl glucose solutions bubbled with nitrogen 
(Rgure 15a) and oxygen (Rgure 15b) overlaid nicely witfi a difference of less 

25 than 5% in peak current, showing tiiat the biosensor was rather insensitive to 
tiie oxygen content in tiie samples. 



Example 8: Analysis of characteristics of a glucose biosensor using a 
diffusfonal pQly(vinylferrocene-co-acrylam!de) mediator and glucose 
30 oxidase co-dispersed in a nanoparticulate membrane 

[00138] A sensor was assembled witti a screen printed carbon 
working electrode and a Ag/AgCL reference electrode in tiie present example, 
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using a slurry ink as prepared In Example 5. The sensitivity was -76 nA/mg/dl 
for the peak current for glucose concentrations of jS 600 mg/dl. As seen in 
Figure 16, the catalytic oxidation current was directly proportional to the glucose 
concentration up to 600 mg/dl, covering the entire physiologically relevant blood 
5 sugar levels. Interestingly, cun'ents obtained at any point of time after the 
current peak was also linearly dependent on the glucose concentration (see 
Rgure 16b), providing alternative sampling possibilities within the first 20 
seconds of the amperometric tests. The precision was estimated from two 
series of 20 repetitive measurements of 40 and 300 mg/dl glucose solutions. 

10 The relative standard deviations were 4.0% and 8.6%, re^ectively. The 
detec^on limit, estimated from 3 times the standard deviation of repetitive 
measurements of 5.0 mg/dl glucose under optimal conditions, was found to be 
1.8 mg/dl, which is limited by the charging cunBnt of the biosensor. More 
importantly, the blood sample volume needed for a single test was about 0.20 to 

15 0.30 Ml. the smallest sample volume amongst ail the disposable glucose 
biosensors available on market The stabil'rty tests were carried out at different 
temperatures, it was shown that the biosensor maintained 100% of its initial 
sensitivity for the first 180 days of storage at room temperature, lost 10% of its 
initial sensitivity after 60 min exposure at 50^ and about 50% of its initial 

20 sensitivity after 60 min at 60°C. This may be due to the loss of enzyme activity 
in the biosensor. The proposed mettiod was successfully applied to the 
detemiination of glucose in whole blood (Table 2). 



2 5 Table 2. Results of blood sugar analysis (average of 1 0 tests) 



Sample 


Glucose 
(mg/dl) 


Reference Value 
(mg/dl) * 


Recovery (%) 
(+ 50 mg/dl glucose) 


Whole Blood 1 
(Healthy person) 


80 


84 


96.3 


Whole Blood 2 
(Healthy person) 


110 


115 


99.2 
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Whole Blood 3 
Wealthy person) 


105 


105 


104 


wnoie Diood 4 
Pabetic 
patient) 


185 


179 


98.5 


(Diabetic 
patient) 


loo 


lOO 


57/ .1 



* Obtained v\ntti tiie YSI blood sugar analyzer. 

[00139] Hie results obtained were in good agreement witti the 
reference values obtained with a yellow springs blood sugar analyzer (YSI 
Model 2300). The recoveries otitained were also good enough for practical use. 
5 [00140] A series of water-soluble and cross-linkable fenocenyi 

redox polymers have t>een prepared by conventional radical polymerization of 
vinylfen'ocene and acrylamide and its derivatives. The resulting redox polymers 
produced a typical catalytic oxidation current for glucose in the presence of 
GOx. The experimental results showed that the redox polymers retained their 

10 fast electron transfer properties and the GOx retained its catalytic activity after 
they were introduce in PBS. The redox polymers having amine or cartDoxylic 
acid moiety as one of the side chains allow them to be conveniently cross-linked 
witii proteins, such as enzymes and antibodies and antigens. Electrochemical 
tests of the cross-linked redox polymer films showed excellent catalytic activity 

15 towards the oxidation of substrate in solution, high sensitivity, good 
reproducibility and stability, thus indicating that It is suitable to be used as 
sensing membrane in biosensors. 

[00141] In separate experiments, it was also shown that glucose 
oxidase and PVFcAA can be readily and homogeneously dispersed into the 

20 nanoparticulate alumina togetiier with the hydrophilic PVPAA binder, and the 
resulting membrane produced a typical catalytic oxidation cun'ent for glucose. 
The experimental results showed that the mediator retsdned its fa^ electron 
transfer properties and the GOX retained its catalytic activity after they were 
screen-printed onto the cart)on electrode, they also demonstrated that this 
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biosensor has good sensitivity and stability tor blood sugar monitoring with a 
blood sample volume of as little as 0.20 The use of screen-printing 
techniques in the fabrication of the biosensor enables easy and low-cost mass 
production. These biosensor characteristics are promising for development of 
miniature glucose biosensors of high commercial values. 
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